Cataract results from aggregation of the structural crystallin proteins of the eye lens. Several aggregation states have been observed in cataract, including fibrils, crystals, and most commonly, amorphous aggregates.^[@i1552-5783-58-4-2397-b01]^ In the healthy eye lens, attractive interactions are present among the crystallin proteins, and βγ-crystallins maintain their refractive index gradient through short-range interprotein interactions.^[@i1552-5783-58-4-2397-b02]^ Nevertheless, the βγ-crystallins exhibit a very low aggregation propensity, even at the high concentrations present in this specialized tissue.^[@i1552-5783-58-4-2397-b03]^ Unmodified wild-type crystallin proteins are extremely stable in the lens environment; however, their solubility is readily compromised by changes in solution conditions, mutations, or posttranslational modifications. Most of the available literature indicates that senile cataract primarily consists of amorphous aggregates^[@i1552-5783-58-4-2397-b04][@i1552-5783-58-4-2397-b05][@i1552-5783-58-4-2397-b06][@i1552-5783-58-4-2397-b07]--[@i1552-5783-58-4-2397-b08]^; however, several studies have shown that crystallins readily fibrillize in vitro under a variety of conditions,^[@i1552-5783-58-4-2397-b09][@i1552-5783-58-4-2397-b10][@i1552-5783-58-4-2397-b11][@i1552-5783-58-4-2397-b12][@i1552-5783-58-4-2397-b13][@i1552-5783-58-4-2397-b14]--[@i1552-5783-58-4-2397-b15]^ and amyloid aggregates have been observed in vivo in mouse models of cataract.^[@i1552-5783-58-4-2397-b16]^

In general, protein aggregation has been implicated in numerous diseases as well as in vital cellular processes in organisms ranging from bacteria to humans. Aggregation mechanisms include nonspecific denaturation, native-like assemblies of the monomeric building block, or refolding into an alternate stable state. A wide variety of proteins are known to form amyloid fibrils, in which short β-strands stack upon one another and interact to form a characteristic cross-β structure.^[@i1552-5783-58-4-2397-b17]^ This aggregation mechanism has been observed for many proteins, including those that are extremely soluble in their native conformations (e.g., lysozyme),^[@i1552-5783-58-4-2397-b18],[@i1552-5783-58-4-2397-b19]^ leading to the hypothesis that the amyloid fibril state represents a generally stable state that any protein may adopt under appropriate conditions. Fibrillar structures have been observed for bovine α-, β-, and γ-crystallins,^[@i1552-5783-58-4-2397-b20]^ as well as γD- and γC-crystallins.^[@i1552-5783-58-4-2397-b21],[@i1552-5783-58-4-2397-b22]^ In γD-crystallin, elevated temperature promotes an increase in fibrillar aggregate formation at acidic pH.^[@i1552-5783-58-4-2397-b15]^

Many protein-deposition diseases are hereditary, with point mutations leading to protein products with reduced solubility. Some sequences are prone to misfolding to form amyloids, as in the case of the mutations causing early-onset Alzheimer\'s disease.^[@i1552-5783-58-4-2397-b23]^ Alternatively, insoluble structures can be assembled from folded monomers having altered intermolecular interactions, as in sickle cell anemia.^[@i1552-5783-58-4-2397-b24]^ Point mutations or posttranslational modifications can result in local unfolding, providing hotspots for aggregation despite the retention of all or most native structure.^[@i1552-5783-58-4-2397-b25][@i1552-5783-58-4-2397-b26][@i1552-5783-58-4-2397-b27][@i1552-5783-58-4-2397-b28]--[@i1552-5783-58-4-2397-b29]^ At the other extreme, reduced overall stability leads to equilibrium unfolded states that promote nonspecific denaturation by exposing regions where hydrophobic interactions may occur between monomers, as in familial amyotrophic lateral sclerosis.^[@i1552-5783-58-4-2397-b30]^

To date more than 30 human γ-crystallin mutations have been linked to congenital cataract, including six truncations and two frameshifts (see Vendra et al.).^[@i1552-5783-58-4-2397-b31],[@i1552-5783-58-4-2397-b32]^ Examples for human γD-crystallin include the G61C variant^[@i1552-5783-58-4-2397-b33]^ and W42Q variant, which has increased aggregation propensity in the presence of the wild-type protein.^[@i1552-5783-58-4-2397-b34]^ In γS-crystallin, the G18V,^[@i1552-5783-58-4-2397-b35]^ G57W,^[@i1552-5783-58-4-2397-b36]^ and D26G variants are associated with hereditary cataract.^[@i1552-5783-58-4-2397-b37][@i1552-5783-58-4-2397-b38]--[@i1552-5783-58-4-2397-b39]^ The focus of the present study is γS-crystallin, the primary protein component in the cortex of the human eye lens and the most conserved of the mammalian crystallins, and its G18V variant. γS-G18V has been shown to be less thermally stable and more aggregation-prone than wild-type. Here we investigate whether the mutation alters the relative populations of different types of aggregates or changes the protein\'s susceptibility to UV light damage.

Crystallin aggregation can be induced or exacerbated by posttranslational modifications (PTMs) and UV-induced photodamage. UV-induced aggregates are of particular interest because the human eye lens is exposed to incident UV radiation from the sun on a daily basis. Although the cornea absorbs the bulk of the UV radiation reaching the eye, over a lifetime the total UV exposure of the lens is considerable. UV irradiation causes fragmentation and aggregate formation due to cross-linking in bovine β~L~-crystallin.^[@i1552-5783-58-4-2397-b40]^ This process is inhibited by the chaperone protein α-crystallin in vivo,^[@i1552-5783-58-4-2397-b41]^ but as the lens ages, the aggregates accumulate until the chaperone is overwhelmed, resulting in cataract.^[@i1552-5783-58-4-2397-b42],[@i1552-5783-58-4-2397-b43]^ Furthermore, UV-A radiation can cause dimerization and degradation of α-crystallin protein molecules themselves.^[@i1552-5783-58-4-2397-b44]^ Many previous studies have focused on UV-B^[@i1552-5783-58-4-2397-b45]^ or UV-C^[@i1552-5783-58-4-2397-b46]^ irradiation. Here we investigate the effects of UV-A because lens fiber cells are exposed to a large flux of UV-A radiation over time, nearly 100 times greater than UV-B.^[@i1552-5783-58-4-2397-b47]^ This potential source of cumulative photodamage is mitigated somewhat by UV-A--filtering metabolites present in the lens; however, wavelengths between 350 and 375 nm are nonetheless also absorbed by γ-crystallins.^[@i1552-5783-58-4-2397-b48]^ Direct UV damage of crystallin proteins is implicated in cortical cataract, while the breakdown products of the small-molecule UV filters themselves play a more important role in age-related nuclear cataract.^[@i1552-5783-58-4-2397-b49]^ Characterization of the aggregates formed via all of these mechanisms is necessary in order to understand the interaction between protein mutations and environmental effects and to identify appropriate model systems for studying these processes in the laboratory.

Methods {#s2}
=======

Protein Expression and Purification {#s2a}
-----------------------------------

Expression and purification of wild-type human γS-crystallin (γS-WT) and γS-G18V was performed as described in Brubaker et al.^[@i1552-5783-58-4-2397-b37]^ Briefly, pET28a(+) vectors (Novagen, Darmstadt, Germany) containing γS-WT and γS-G18V cDNA with an N-terminal 6x-His tag and a tobacco etch virus (TEV) protease cleavage sequence were transformed into Rosetta (DE3) *Escherichia coli*. Proteins were then overexpressed using standard isopropyl β-D-1-thiogalactopyranoside induction and lysed via sonication. Cell lysate was loaded on to a Ni-NTA column (Applied Biosystems, Foster City, CA, USA) and eluted using imidazole. His-tags were cleaved by TEV protease (produced in-house) and separated by reapplication to the Ni-NTA column. Finally, proteins were run over a HiLoad 16/600 Superdex 75 pg column (GE Healthcare Life Sciences, Piscataway, NJ, USA) and dialyzed into phosphate buffer (10 mM sodium phosphate, 150 mM NaCl, pH 6.9) prior to use.

Thermal and pH Aggregate Preparation {#s2b}
------------------------------------

Purified γS-WT and γS-G18V were prepared at eight pH conditions using carbonate (pH 9), phosphate (pH 2, 3, 6, 7, 8), and acetate (pH 4, 5) buffers at 0.01 M with 150 mM NaCl. Samples were dialyzed by single pH increments over 12-hour periods to their final pH. Next, aliquots of both proteins at 1 mg/mL were prepared and incubated at 25°C or 37°C in a water bath for 48 hours.

UV-A--Induced Aggregation {#s2c}
-------------------------

Both proteins were concentrated to 6 mg/mL in phosphate buffer and filtered with a 0.22-μm filter. Samples were held in a 1-cm pathlength quartz cuvette (Starna Cells, Atascadero, CA, USA) and maintained between 22°C and 24°C using a temperature controller (Quantum Northwest Luma 40/Eclipse with Peletier element and recirculator; Quantum Northwest Inc., Liberty Lake, WA, USA). Continuous stirring was maintained throughout the experiment, with 100-μL aliquots taken every 10 minutes for 90 minutes. UV-A irradiation was produced using a 20 Hz Nd:YAG laser (Continuum Surelite II; Surelite, San Jose, CA, USA) coupled to a Surelite Separation Package (SSP) 2A (Surelite) to change the pump laser wavelength (1064 nm) to 355 nm via third harmonic generation. The laser flux was 89 mJ/cm^2^ at 10 Hz.

Turbidity Measurements {#s2d}
----------------------

UV-irradiated samples were diluted with phosphate buffer to a concentration of 1 mg/mL. Samples were resuspended immediately prior to measurement in which 400-μL aliquots were loaded into a 1-cm pathlength quartz cuvette and measured using a spectrophotometer (JASCO V-730 UV-Vis; Jasco Analytical Instruments, Easton, MD, USA). The measured absorbance at 600 nm was used as the turbidity value.

Thioflavin T and Aromatic Fluorescence {#s2e}
--------------------------------------

To investigate amyloid fibril character, thioflavin T (ThT) assays were conducted as described by Nilsson et al.^[@i1552-5783-58-4-2397-b50]^ A ThT working solution (25 μM ThT, 10 mM phosphate, 150 mM NaCl, pH 7) was prepared the day of analysis and used as a reference blank for all measurements. Aliquots (50 uL) of thermal or UV-treated protein were mixed with the ThT working solution to prepare 0.05 mg/mL samples for analysis. Fluorescence was recorded using a Gemini EM Microplate Reader (Molecular Devices, Sunnyvale, CA, USA) with 440 nm excitation and 482 nm emission. Measurements were performed in triplicate.

Intrinsic γS-crystallin tryptophan (Trp) fluorescence was measured using an excitation wavelength of 280 nm and emission range from 310 to 400 nm, in the instrument described above.

X-ray Diffraction {#s2f}
-----------------

Aggregates were prepared for diffraction experiments by adding glycerol to the protein samples to a final concentration of 50% by volume. Each sample was mounted on a loop and frozen using a cryogenic nitrogen gas stream. X-ray diffraction data were collected using an in-house Rigaku MicroMax 007 rotating anode for x-ray generation and detected with a Saturn 944 detector (Crystal Logic, Los Angeles, CA, USA). Samples exhibiting diffraction bands corresponding to approximately 4.7 and 10 Å in real space contain amyloid fibrils. Lysozyme amyloid fibril samples prepared according to Xu et al. were used as a positive control.^[@i1552-5783-58-4-2397-b51]^

Matrix Assisted Laser Desorption Ionization-Time of Flight (MALDI-TOF) Mass Spectrometry {#s2g}
----------------------------------------------------------------------------------------

UV-irradiated and unexposed proteins were digested using MS Grade Pierce Trypsin Protease (ThermoFischer Scientific, Rockford, IL, USA) at 37°C. The digest was mixed with saturated solution of α-cyano-4-hydrocinnamic acid in 50% acetonitrile and 1% trifluoroacetic acid and spotted onto a dry plate. MALDI-TOF analysis was performed using an AB SCIEX TOF/TOF 5800 System (SCIEX, Foster City, CA, USA and the resulting masses were referenced against the fragments predicted by Protein Prospector MS-Digest^[@i1552-5783-58-4-2397-b52]^ (<http://prospector.ucsf.edu>, in the public domain).

Results {#s3}
=======

In order to measure the effects of pH on aggregate formation, the pH of γS-WT and γS-G18V solutions was varied over the range 2 through 9 while incubating the samples at room temperature (25°C) and physiological temperature (37°C). The ThT fluorescence of γS-WT and γS-G18V under all pH and both temperature conditions is summarized in [Figure 1](#i1552-5783-58-4-2397-f01){ref-type="fig"}. Trace ThT fluorescence is observed for γS-WT held at 25°C under all conditions examined, while for γS-G18V, elevated ThT fluorescence is observed at both low (2--3) and high (8--9) pH values ([Fig. 1](#i1552-5783-58-4-2397-f01){ref-type="fig"}A). At 37°C, samples of γS-WT incubated at pH 2 and 9 exhibit dramatic increases in fluorescence, while only minimal increases are observed at all remaining pH conditions. In contrast, γS-G18V exhibits elevated fluorescence over a larger pH range (pH 2--4 and 8--9). Roughly a 5-fold increase in ThT fluorescence is observed under acidic conditions (pH 2, 3, 4), while the signals observed from samples heated under basic conditions double in intensity. At 37°C, γS-WT likewise displays a greater increase in ThT fluorescence at pH 2 than at pH 9.

![ThT fluorescence of γS-WT and γS-G18V prepared at variable pH and two temperatures. (**A**) For γS-WT at 25°C, only background fluorescence is observed. For γS-G18V, elevated ThT fluorescence is observed at both low (2--3) and high (8--9) pH. Only heated samples (37°C) at pH 2 and 9 exhibit elevated fluorescence. (**B**) At physiological temperature (37°C), elevated ThT fluorescence is seen in γS-WT at pH 2 and 9, while γS-G18V displays significant increases in signal at pH 2, 3, 8, and 9.](i1552-5783-58-4-2397-f01){#i1552-5783-58-4-2397-f01}

In order to determine whether other aggregates were present that did not produce the elevated ThT fluorescence consistent with amyloid fibril formation, the solution turbidity was measured as the optical density at 600 nm ([Fig. 2](#i1552-5783-58-4-2397-f02){ref-type="fig"}). For γS-WT, increased turbidity was observed only at pH 9, despite increased ThT fluorescence at pH 2 and 9. The turbidity of γS-WT at pH 9 was roughly half that observed for γS-G18V under the same conditions. Increased turbidity for γS-G18V was greatest at pH 8 and 9, but also was elevated compared to neutral conditions at pH 2, 3, and 4.

![The ThT fluorescence and turbidity of γS-WT (**A**) and γS-G18V (**B**) from samples incubated at 37°C plotted by pH. (**A**) Minimal γS-WT ThT fluorescence (*light gray*) and turbidity (*dark gray*) are observed over the pH range of 3 through 8. At pH 2, only ThT fluorescence increases, while both turbidity and ThT fluorescence increase at pH 9. (**B**) In γS-G18V, ThT fluorescence (*light gray*) and turbidity (*dark gray*) are elevated at basic and acidic conditions (pH 2, 3, 4, 8, 9). Acidic conditions result in the greatest γS-G18V ThT fluorescence levels, while basic conditions result in the greatest turbidity for γS-G18V. In both assays, only minimal changes are observed under neutral to weakly acidic conditions (pH 5, 6, 7).](i1552-5783-58-4-2397-f02){#i1552-5783-58-4-2397-f02}

The intrinsic Trp fluorescence of γS-WT and γS-G18V was measured in order to assess the degree of structural disruption to the crystallin fold upon changing the pH. Partial unfolding and changes to the local environment surrounding Trp residues alter the spectrum in both λ~max~ and intensity. In more polar environments, the Trp fluorescence maximum occurs at a longer wavelength; therefore, redshifting of the fluorescence peak indicates changes in conformation consistent with increased solvent exposure of the Trp residues. Trp fluorescence results are summarized in [Figure 3](#i1552-5783-58-4-2397-f03){ref-type="fig"}, while the full spectra for γS-WT and γS-G18V from pH 2 to 9 are shown in [Supplementary Figure S1](#iovs-58-04-16_s01){ref-type="supplementary-material"}. The total Trp fluorescence signal decreases from pH 2 to 7 for both proteins, with only a slight redshift occurring for the fluorescence maxima at pH 2 and 3 in γS-G18V. Increased quenching is observed at pH 8 for γS-WT, and at pH 9 slight redshifting is also observed. The γS-G18V fluorescence signals at pH 8 and 9 are the most intense and redshifted observed for either protein, indicating that G18V is vulnerable to structural disruption at high pH, while γS-WT maintains the integrity of its fold over a wide range of solution conditions.

![The intrinsic Trp fluorescence intensity for γS-WT (*light gray*) and γS-G18V (*dark gray*) at different pH values. The wavelength of the emission maximum is labeled next to each data point. Greater fluorescence for both proteins occurs under acidic conditions, with slight redshifting of the emission maxima for γS-G18V at pH 2 and 3. Under basic conditions, γS-G18V produces the greatest fluorescence intensity and maximum redshift, whereas the fluorescence intensity of γS-WT changes minimally and redshifts only slightly at pH 9.](i1552-5783-58-4-2397-f03){#i1552-5783-58-4-2397-f03}

Aggregation of both γS-WT and γS-G18V was induced via UV-A irradiation at neutral pH and monitored using turbidity and ThT fluorescence. Samples of both proteins were irradiated for 90 minutes, at which point increases in solution turbidity leveled off ([Supplementary Fig. S2](#iovs-58-04-16_s01){ref-type="supplementary-material"}). Both proteins exhibit large increases in turbidity following UV-A exposure. As for the samples incubated at physiological temperature, more aggregation is observed for γS-G18V than for γS-WT ([Fig. 4](#i1552-5783-58-4-2397-f04){ref-type="fig"}). In the case of both proteins, the UV-exposed samples exhibit only small increases in ThT fluorescence, suggesting that amyloid fibrils are not the primary aggregation product produced under UV-A irradiation.

![ThT fluorescence and turbidity measurements of γS-WT and γS-G18V at pH 7, before (−UV) and after (+UV) exposure to UV-A irradiation for 90 minutes. In both proteins, untreated samples display negligible ThT fluorescence and turbidity. UV-A irradiation produces significantly elevated turbidity, but only minimal increases in ThT fluorescence.](i1552-5783-58-4-2397-f04){#i1552-5783-58-4-2397-f04}

X-ray diffraction experiments were performed on low-pH and UV-treated γS-WT and γS-G18V in order to characterize the nature of the aggregates. Representative diffraction patterns are shown in [Figure 5](#i1552-5783-58-4-2397-f05){ref-type="fig"}. Image analysis was conducted on a horizontal slice of the image, and all relevant peaks in the image intensity profile were labeled with their corresponding real-space resolution measurement, in angstrom units. The principal signals observed were sharp rings at 4.7 Å and broader rings at 10--11 Å.

![Representative x-ray diffraction patterns for fibrillar aggregates of γS-WT and γS-G18V. Lysozyme fibrils prepared by incubation at 60°C and pH 2 for 2 days prior to the experiment were used as a positive control. Below each image, its corresponding image intensity profile is shown for the area of the image designated with a *black line*. Relevant peaks are labeled with their resolution measurement, in angstrom units, and the location of each peak is correlated to the location on the diffraction pattern with *light gray* or *dark gray dots*.](i1552-5783-58-4-2397-f05){#i1552-5783-58-4-2397-f05}

PTMs from UV-A photodamage were identified using MALDI-TOF mass spectrometry of trypsin-digested samples after 90 minutes of irradiation. Modifications were considered to be caused by UV-A irradiation if both the modified and unmodified fragments were observed and the peak corresponding to the modified fragment was uniquely observed in the UV-irradiated sample. Mass differences corresponding to deamidation (m + 1), oxidation (m + 16, m + 32), and Trp modifications such as kynurenine (m + 4) were observed in both proteins ([Fig. 6](#i1552-5783-58-4-2397-f06){ref-type="fig"}).

![Representative MALDI-TOF spectra of trypsin-digested samples of γS-WT and γS-G18V after UV-A irradiation. Mass fragments were identified by manual comparison of mass-to-charge ratio peaks to the theoretical peaks and isotopic mass distributions from MS-Digest (<http://prospector.ucsf.edu>, in the public domain). Additional mass fragments corresponding to identifiable molecular weight changes are labeled with the specific mass difference, that is, m + 16. *Top*: The γS-WT spectrum is shown with selected fragments annotated. Insets **A** and **B** display the observed cases of m + 4 peaks in matched fragments containing a Trp residue. An m + 4 mass difference matches a Trp-to-Kyn PTM. The masses for each peak are labeled as m~Trp~ and m~Kyn~. *Bottom*: The γS-G18V distribution is shown with annotations indicating each of the observed peaks matching an MS-Digest fragment. Kyn, kynurenine.](i1552-5783-58-4-2397-f06){#i1552-5783-58-4-2397-f06}

Discussion {#s4}
==========

Several pathways have been proposed to explain the mechanism of γ-crystallin aggregation.^[@i1552-5783-58-4-2397-b53][@i1552-5783-58-4-2397-b54][@i1552-5783-58-4-2397-b55][@i1552-5783-58-4-2397-b56]--[@i1552-5783-58-4-2397-b57]^ Photochemical damage has been shown to cause intermolecular cross-linking, which may increase noncovalent aggregation due to redistributed charge altering the proteins\' isoelectric points.^[@i1552-5783-58-4-2397-b53]^ UV exposure may also produce reactive oxygen species via Fenton chemistry, resulting in nonspecific oxidation and cross-linking.^[@i1552-5783-58-4-2397-b58]^ Other nonspecific PTMs such as glycation,^[@i1552-5783-58-4-2397-b59]^ acetylation,^[@i1552-5783-58-4-2397-b60]^ and deamidation^[@i1552-5783-58-4-2397-b61]^ may destabilize the protein structure, similar to the effects of point mutations.^[@i1552-5783-58-4-2397-b32],[@i1552-5783-58-4-2397-b62][@i1552-5783-58-4-2397-b63][@i1552-5783-58-4-2397-b64]--[@i1552-5783-58-4-2397-b65]^ Unfolding within either domain or at the domain interface may lead to different domain-swapped aggregation pathways,^[@i1552-5783-58-4-2397-b34]^ precede amyloid fibril formation,^[@i1552-5783-58-4-2397-b10]^ or result in nonspecific aggregation.^[@i1552-5783-58-4-2397-b66][@i1552-5783-58-4-2397-b67]--[@i1552-5783-58-4-2397-b68]^ Furthermore, two or more of these pathways may be in competition under a particular set of conditions, as is observed for both γS-WT and γS-G18V.

From these data, it is clear that low-pH conditions are necessary for γS-WT to form amyloid fibrils at physiological temperature. Under every other condition that was tested, the samples remained translucent with no visible signs of aggregation, and there was little to no increase in ThT fluorescence intensity, indicating the absence of β-amyloid structure. This result is not surprising given that γS-WT is a highly stable protein that has been selected for a very low propensity to aggregate, even under harsh conditions. By contrast, γS-G18V exhibits large increases in ThT fluorescence intensity under conditions where none was observed for γS-WT. For γS-G18V, increased ThT fluorescence signals were observed in all samples incubated at 37°C, save for the pH 7 sample, and in two of the room-temperature samples as well (pH 2 and pH 9).

Although increased ThT fluorescence intensity was not observed in the γS-G18V pH 4, 25°C sample or the pH 7, 37°C sample, the incubated samples had visibly aggregated at the time of the fluorescence measurement, indicating the formation of nonamyloid aggregates and supporting the hypothesis that more than one aggregation state is available to γS-crystallin. The increase in turbidity seen in these two samples without an accompanying increase in ThT fluorescence indicates that these aggregates are not fibrillar and instead adopt a more disordered aggregation state. Likewise, for γS-WT incubated at pH 2, strong ThT fluorescence but only weak turbidity were observed, consistent with reports for γD-crystallin under similar conditions.^[@i1552-5783-58-4-2397-b15]^ Similar changes were observed for γS-G18V at pH 2 and 3. However, correlated increases in ThT fluorescence and turbidity were seen for γS-WT at pH 9 and γS-G18V at pH 4, 8, and 9, indicating that the pH strongly influences the balance of different aggregation states.

Intrinsic Trp fluorescence was used to assess the degree of protein unfolding implicated in these different aggregation pathways. Trp fluorescence is a sensitive probe of native structure in this system because each Greek key domain contains two critical Trp residues in its hydrophobic core. These residues absorb UV-B light and are thought to participate in a proposed fluorescence resonance energy transfer quenching mechanism to dissipate energy that might otherwise damage the lens or retina.^[@i1552-5783-58-4-2397-b69][@i1552-5783-58-4-2397-b70]--[@i1552-5783-58-4-2397-b71]^ The intrinsic aromatic Förster of γS-WT and γS-G18V showed similar quenching patterns under acidic (pH 2) to neutral (pH 7) conditions, with a slight redshift in the signal for γS-G18V under acidic conditions. The reduction in fluorescence quenching under acidic conditions may be correlated with changes in the protonation states of carboxyl side chains, which can disrupt hydrogen-bonding interactions and salt bridges. Under mildly basic conditions (pH 8 and 9), γS-G18V exhibits a larger redshift of 4--5 nm, along with significant increases in fluorescence compared to pH 7. For γS-WT, only minor changes are observed, even at pH 9.

In γS-G18V, significant structural changes are apparent from the large redshift at pH 8--9. These may be related to changes in cysteine protonation (pKa ∼8) and are consistent with the large structural rearrangement of the area around the cysteine loop of γS-G18V relative to that of γS-WT, as observed in the solution-nuclear magnetic resonance structures (Protein Data Bank ID 2M3U and 2M3T).^[@i1552-5783-58-4-2397-b65]^ These data suggest that basic pH conditions favor partial unfolding of γS-G18V, while γS-WT does not appear to experience even partial unfolding under any conditions tested here. The observed redshifts in the Trp fluorescence maxima correlate with the increased optical densities: γS-G18V at pH 8 and 9 are the most turbid and display the greatest redshifts, while γS-WT at pH 9 and γS-G18V at pH 2 and 3 exhibit smaller redshifts and reduced optical density.

UV-A irradiation was also explored as a more biologically relevant mechanism of aggregation initiation. In our experiments, prolonged irradiation resulted in elevated solution turbidity, yet produced weaker ThT fluorescence than samples treated under acidic and basic conditions at physiological temperature. The minimal ThT fluorescence and elevated turbidity of UV-irradiated samples is most comparable to thermally treated γS-WT and γS-G18V under basic conditions. The reduced ThT response following the initial turbidity increases correlated with visible yellowing in irradiated sample precipitates, which were initially white, but progressively darkened with UV exposure.

To identify some of the protein modifications produced via UV-A exposure, endpoint samples were digested using trypsin and analyzed via MALDI-TOF mass spectrometry. The resulting data were compared to theoretical molecular weight values predicted by Protein Prospector MS-Digest with modifications reported from mass spectrometry analysis of cataractous lenses.^[@i1552-5783-58-4-2397-b72],[@i1552-5783-58-4-2397-b73]^ Deamidation and oxidation products were both observed, consistent with literature reports of digested normal and cataract lenses.^[@i1552-5783-58-4-2397-b60],[@i1552-5783-58-4-2397-b74]^ In particular, mass differences of 4 and 20 Da were observed, suggesting the presence of the tryptophan oxidation products kynurenine and *N*-formylkynurenine. This result is consistent with the yellowing of the UV aggregates over time, because kynurenine absorbs blue light, contributing to the color changes ranging from yellowing to browning often seen in aged lenses.^[@i1552-5783-58-4-2397-b74]^

To test for the presence of amyloid fibril character in our different aggregates, x-ray diffraction experiments were conducted. Powder diffraction techniques can be utilized to gain structural information about the degree of local order in solid samples. Diffraction patterns of noncrystalline structures can yield valuable information about the average distances between molecules. Due to the repeating cross-β structure of the fibril, the appearance of characteristic diffraction bands in the reciprocal space diffraction pattern corresponding to 4.7 and 10 Å in real space will be observed in samples containing amyloid fibrils. These distances represent the interstrand distance between β-strands along the fibril axis and the intersheet spacing distance within the fibril, respectively. Powder x-ray diffraction (representative data shown in [Fig. 5](#i1552-5783-58-4-2397-f05){ref-type="fig"}) indicates that amyloid fibrils were detectable even under conditions that produced only weak ThT fluorescence, in this case UV-irradiated samples at neutral pH.

The results of these experiments support the hypothesis that there are at least two aggregation states available to both γS-WT and γS-G18V. One of these states is a disordered aggregate with little to no amyloid fibril character, which nonetheless results in the opacification of the sample, as seen through the increase in turbidity without an increase in ThT fluorescence or the amyloid fibril diffraction bands in the x-ray diffraction pattern. The second state has significant amyloid fibril character, as shown in both the increased ThT fluorescence and the appearance of the fibril diffraction bands in the x-ray diffraction experiments. The γS-G18V variant samples formed this second type of aggregate more readily, and under a broader range of conditions than the WT protein. UV-A exposure at neutral pH leads to aggregation as indicated by increased solution turbidity. Although only a weak ThT response is observed in these samples, amyloid fibril character is confirmed via powder x-ray diffraction. Taken together, these data suggest that changing the solution can shift the population of the two aggregation states to favor one or the other, but both forms are detectable under all conditions where aggregation was observed.

The visible coloration of UV samples provides a clue that photodamage may occur during UV-A exposure. MALDI-TOF mass spectrometry of digested samples of UV-A--irradiated γS-WT and γS-G18V confirmed but does not inform us about, the mechanism driving aggregation or differentiate it from similar results produced via other methods; further studies are needed to elucidate the mechanisms underlying these disparate aggregation pathways.

Conclusions {#s5}
===========

Our results indicate that multiple aggregation pathways are accessible to both wild-type γS-crystallin and its aggregation-prone G18V variant. The method used to initiate aggregation strongly determines the relative populations of the two types of aggregates, although both types are present under the conditions tested. The disease-related variant forms more aggregates than wild-type, and under milder conditions, but it does not apparently favor a particular type of aggregate. Future studies will focus on further characterization of the aggregates induced by UV-A irradiation.
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